Effects of mutations in three independent proline suppressor loci were studied. Mutants of the su-6 locus were almost completely deficient in ornithine transcarbamylase activity and mutants of the su-19 locus produced ornithine 8-transaminase constitutively or semiconstitutively ; this latter enzyme was strongly induced by arginine in the wild type. The su-6 and su-19 suppressor mutations were all recessive. Dominant and recessive mutants of the third suppressor locus, su-2, showed higher activities of arginase and ornithine 8-transaminase than did the wild type. It is suggested that in all three cases the enzyme alterations caused by the suppressor mutations allow the synthesis of proline by an alternative route, replacing the blocked major pathway.
INTRODUCTION
One of the mechanisms proposed by Wagner & Mitchell (1964) for explaining the mode of action of suppressor genes was that they open up alternative pathways, bypassing the metabolic block caused by the suppressed mutation. In fact, most suppressors studied have been found to act in different ways, and the only case known where the above explanation can be applied is that of the suppressors of acetate mutants in Neurospora crassa (Strauss & Pierog, 1954) . However, there are several cases known where the biochemical situation leads one to suspect the possibility of the occurrence of this mechanism of suppression. One of them is the synthesis of proline.
The results of intensive investigations carried out on various microorganisms (Davis, 1955; Vogel, 1955; Strecker, 1957; Vogel & Kopac, 1959; Middelhoven, 1963; Middelhoven, 1964) showed that proline is synthesized from glutamate through glutamic-y-semialdehyde (GSA) and A1-pyrroline-5-carboxylic acid. This is a major route of proline synthesis, but proline can also be formed from ornithine via GSA (Fig. 2) . This alternative route operates in the presence of an excess of exogenously supplied ornithine or arginine when, as was found by AnderssonKotto & Ehrensvard (1 963) in the wild strain of Neurospora crassa, the major route is almost completely replaced by the alternative one.
In Aspergillus nidulans two distinct loci, pro-1 and pro-3, are known (Forbes, 1956 ), mutants of both loci responding to proline, ornithine, citrulline or arginine. According to the biochemical data they should be considered as blocked between glutamate and GSA. The occurrence of mutants of this kind, known also in other micro-organisms,
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P. WEGLENSKI proves that the endogenously produced ornithine or arginine is not sufficient to satisfy the proline requirements of the organism when the major proline route is blocked. In this particular situation one can expect that some mutations affecting the pathway of arginine synthesis and causing, for example, the accumulation of arginine, should act as proline suppressors.
The aim of the experiments presented in this paper was to find whether the above consideration is true for proline suppressors in Aspergillus nidulans. The genetical analysis of these suppressors involving mapping and studies on complementation was done previously (Weglenski, 1966) . It was established that mutants of the three suppressor loci so far mapped are non-specific, i.e. they suppress mutants of pro-l and pro-3 loci. The idea that their action involves alternative metabolic pathways is thus quite plausible. All mutants in two of the suppressor loci (su-6 and su-19) are recessive, but in the third (su-2) both dominant (symbol SU) and recessive (su) mutations were mapped. Other symbols used are : pro = proline; pab =p-aminobenzoic acid; ade = adenine ; phe = phenylalanine ; bio = biotin.
METHODS
Material. All suppressor mutants of Aspergillus nidulans used in this work were obtained as spontaneous mutants from the pro-6 pub-9 bio-1 strain; pro-6 is an allele of the pro-1 mutant and was originally obtained from the Department of Genetics, Glasgow University. The strains used for the enzyme assays were of thepro+su+,prosu+, prosu andpro+su types, all marked additionally with the ade-9, y andphe-2 mutations.
Media. Liquid minimal medium for culture of mycelium was the same as described by Cove (1966) with addition of NaNO, 6 g./l. medium. The final concentration of an amino acid when present in the medium was 0.002 M. All other media used were as described by Pontecorvo et ul. (1953) .
Culture and harvesting of mycelium. Mycelium was grown in one litre or 250-ml. Erlenmayer flasks containing 200 or 100 ml. medium, respectively. Flasks were inoculated with a heavy conidial suspension in water and were incubated at 30" for 35-40 hr (unless indicated otherwise) on a rotary shaker operating at 160 rev./min. After incubation the medium was filtered off and the mycelium rinsed with distilled water. Blotted mycelial pads were stored at -20".
Enzyme extraction. Frozen mycelium mixed with glass powder was ground by hand in a chilled mortar with about 6 vol. of appropriate buffer. The resulting slurry was then centrifuged at 14,OOOg for 20 min at 4" and the supernatant fluid used for enzyme assays.
Assays of ornithine transcurbamylase (OTC). The reaction mixture for OTC contained 10 pmole ornithine HC1, 10 pmole carbamoyl phosphate, 100 pmole tris HCl (pH 8-3) and 0-3 ml. enzyme extract (equiv. 0.6 mg protein) in 0.1 M-sodium phosphate buffer (PH 8.0); total volume of reaction mixture 1-0 ml. After incubation at 35" for 15 min. the reaction was stopped by adding 2 ml. 0-5 M-perchloric acid solution and the precipitate removed by centrifugation. Citrulline was estimated colorimetrically by the method of Archibald (1944) by using an EEL colorirneter, blue filter no. 602.
Assay of ornithine tY-trunsminase (OTA). The reaction mixture for OTA contained 10 pmole ornithine HCI, 10 pmole a-ketoglutarate, 50 pmole potassium phosphate (pH 8-0), 2 pmole pyridoxal -5-phosphate, 0-2 ml. enzyme extract (equiv. 0.4 mg.
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79 protein) in a total volume 0-5 ml. Enzyme extracts were prepared in 0.1 M-potassium phosphate buffer (PH 8.0). The mixture was incubated at 37" for 10 min. and the formation of GSA was shown with o-aminobenzaldehyde and measured according to the method of Albrecht, Scher & Vogel(l962) .
Assay of arginase. The reaction mixture for arginase contained 10 pmole arginine HCl (PH 9.5) and 0.2 ml. enzyme extract (equiv. 0.4 protein) in total volume 0.7 ml. Enzyme extracts were prepared in 0.002 M-maleic acid (PH 7.0) containing 1 pmole MnCl,/ml., and were dialysed for 3 hr against three changes of the same solution. Incubation was for 10 min. at 37", and the reaction was stopped by adding 0.3 ml. 6 N-HCl. The resulting protein precipitate was removed by centrifugation and the appropriately diluted supernatant fluid used for the determination of ornithine by the method of Chinard (1952 
RESULTS

Efect of suppressor mutations on ornithine transcarbamylase (OTC) activity
Strains carrying the su-6 mutation show very poor growth on minimal medium. The growth of these strains can be stimulated by arginine (Weglenski, 1966) . This suggested that they are deficient in one of the enzymes in the arginine pathway. It was found that the su-6 mutation affects the activity of OTC, the enzyme which converts ornithine to citrulline. The specific activities of OTC in the su-6 mutants are shown, together with those of the wild strain and of the other suppressor strains, in Table 1 . Efects of suppressor mutations on ornithine 8-transaminase (OTA) activity The activities of OTA in various strains are given in Table 2 . This enzyme was inducible by arginine in all strains, though the induction in the strains carrying a mutation of the su-2 locus seemed to be somewhat less effective. Strains carrying a mutation of the su-19 locus showed a very high OTA activity when grown on minimal medium; in one case (pro-6su-25) the activity was equal to the fully-induced value of 80 P. WEGLENSKI (-0 -) pro+SU-1 (-a-) and pro-6SU-1 (-0-) strains.
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of su-2 locus slight repression was observed. The pro-6 mutation itself caused an increase in OTA activity, as best indicated by comparison of the figures obtained for pro-6su-6 and pro+su-6 strains. The separate effect of the pro-6 mutation was also seen by comparing the OTA activity in young cultures of strains of the prom and pro+su types, where su represents any mutation of the su-2 locus (Fig. 1) . No qualitative differences between the strains tested were observed in the response of OTA to the presence of ornithine. In all cases a marked decrease of activity was observed. Efects of suppressor mutations on arginase activity Arginase was assayed in the wild strain and various mutant strains grown on minimal medium and on media supplemented with proline, ornithine or arginine. The results (Table 3) show that, in comparison to the wild type, arginase had lower activity in the su-6 strain and about 4-6 times higher in the su-2 and su-19 strains. In the case of the su-2 locus the increase of the enzyme activity was due to the presence of the suppressor mutations, as indicated by comparison of the figures for the strains of the prom and profsu types. In the case of the su-19 locus no strain of the pro+su type was available (pro-6 and su-19 loci are closely linked which makes the selection of the pro+su-19 strain difficult) and therefore it is not clear whether the high activity of arginase in thepro-6su-19 strain should be ascribed to thesu-19 or to thepro-6 mutation. The comparison of the figures obtained for the wild and pro-6su strains grown in the presence of ornithine makes it obvious that the pro-6 mutation must be taken into consideration when arginase activity is concerned. The exogenously supplied proline had a very strong effect on arginase activity, causing repression of the enzyme synthesis in the wild strain and a significant induction in all strains carrying the pro-6 mutation.
Arginase activity was increased when the enzyme extracts were incubated before assay at 37" or 50". When pre-incubation at 37" was used the activity of the enzyme reached a maximum after 15-20 min., and further pre-incubation caused no change in activity. At 50" the activity maximum was reached after 2-4 min. When manganese was omitted from the buffer used for extraction, activation did not occur. The factor by which pre-incubation increased the activity was very similar in all strains tested; one 82 P. WEGLENSKI set of results is given in Table 4 . This being so, and since the pre-incubation results were not very reproducible, most of the work, including that reported in Table 3 , was done without pre-incubation. Efects of suppressor mutations on arginine content in the mycelium Free arginine content in the mycelium of the wild strain of Aspergillus nidulans and of suppressor strains was compared after separation of the amino acids of boiled mycelium extracts by high voltage electrophoresis and treating the resulting electrophoretogram with the arginine-specific stain according to the method of Irreverre (1965) . The arginine spots seemed to be identical in intensity for all strains, with the exception of strains carrying su-6 mutations where the colour obtained appeared to be markedly weaker (comparison by eye).
A second approach to this problem was to investigate canavanine resistance in the wild strain and in two suppressor strains, one carrying a dominant and the other one a recessive mutation at the su-2 locus. It was assumed that strains producing more arginine should be more resistant to canavine, an arginine analogue, as the inhibition of growth caused by canavine is of a competitive type (Schwartz & Maas, 1960) . The results are shown in Table 5 . Expressing the inhibition as the factor by which canavanine decreased the mycelial weight in 24 hr cultures the figures are 4.0 for the wild strain, and 10.0 and 22.8 for recessive and dominant suppressor strains, respectively. 
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DISCUSSION
The modes of action of all suppressors studied in this work have one common feature, i.e. the suppressors all affect the pathway of arginine synthesis or arginine break-down in a way that permits the synthesis or proline by the alternative route (Fig. 2) . In the case of the su-6 mutations, which affect the ornithine transcarbamylase activity, this is achieved by decreasing the rate of arginine synthesis from ornithine and thus enhancing the accumulation of ornithine which in these circumstances becomes available for transmutation to glutamic &-semialdehyde in the proline pathway. The same mechanism of suppression was described by Davis (1962) in Neurospora crmsa, where the suppressor s, suppressing some of the pyrimidine mutants and the proline mutants of the same type as those studied in this work, was the mutant affecting the level of ornithine transcarbamylase. The su-19 suppressor can be considered as the ornithine 8-transaminase regulator gene. Mutations at this locus cause the synthesis of the enzyme to be constitutive (in one case) or semiconstitutive (in two other cases studied). One can assume that there is a competition between ornithine transcarbamylase and ornithine 8-transaminase for ornithine which is entirely or almost entirely converted to citrulline by ornithine transcarbamylase in the wild strain, but partly converted to glutamic a-semialdehyde by the highly active ornithine 8-transaminase in the su-19 mutants.
The function of the su-2 locus, mutation at which causes an increase of both arginase and ornithinea-transaminase activities, may be explained in two ways. One possible explanation is that the su-2 mutations lead to an increase in arginine production (caused, for example, by a failure in feedback inhibition of the arginine pathway by arginine) and that the higher activities of the arginine breakdown enzymes are due to induction by the endogenous arginine. The second possibility is that the primary effect of the mutation in the su-2 locus is on the regulation of arginine break-down. The greater sensitivity of suppressor strains to canavanine and the failure to demonstrate 6-2 84 P. WEGLENSKI accumulation of arginine by suppressor strains seem to favour the second possibility for the function of the su-2 locus. Whatever the primary effect of mutation in the su-2 locus, the increase in arginine break-down to ornithine and then to glutamic hemialdehyde can explain the suppression of proline mutants in this case. The difference between dominant and recessive mutants of this locus lies most probably in the greater effectiveness of arginine break-down indicated by the higher arginase activity in strains carrying the dominant mutation.
The system of regulation of arginine break-down seems to be rather a complex one. The data obtained indicate the importance of proline or glutamic bsemialdehyde in controlling the formation of arginase and ornithine 8-transminase. The effect of exogenous proline on that pathway, which was also observed in Neurospora crassa (Andersson-Kotto & Ehrensvard, 1963) and especially the different effect of proline on the arginase and ornithine 8-transaminase activities in wild strain and in prolinerequiring strains, as well as the effects of ornithine on ornithine 8-transaminase activity cannot be satisfactorily explained at the moment. 
